Study Objectives: Preterm birth and fetal growth restriction (FGR) are both associated with risk of hypertension in adulthood. Mechanisms leading to this pathology are unclear. In children aged 5-12 years, who were born preterm and FGR, we used sleep as a tool to assess autonomic control with assessment of cardiovascular structure and function. Methods: Eighteen children born preterm and FGR, 15 children born preterm with appropriate birth weights for gestational age (AGA), and 20 AGA term-born children were studied. Children underwent overnight polysomnography with the addition of continuous noninvasive blood pressure (Finometer™). Spectral measures of heart rate variability (HRV), blood pressure variability (BPV), and baroreflex sensitivity were assessed and overnight urinary catecholamine levels measured. Echocardiographic studies (Vivid7, GE Healthcare) were performed and vascular compliance assessed (Miller Instruments™). Statistical comparisons were adjusted for age and body size. Results: Compared to term children, preterm AGA children had increased high frequency HRV (p < .05) and BPV (p < .05) during sleep, reflecting increased parasympathetic activation and blood pressure changes related to respiration. Preterm FGR children had smaller left ventricular lengths, ascending aorta, and left ventricular outflow tract diameter (p < .05 for all) and vascular compliance was positively correlated with gestational age (r 2 = 0.93, p < .05). Conclusions: FGR combined with preterm birth did not alter autonomic control but altered heart structure in children. In contrast, preterm birth alone altered autonomic control but had no change in heart structure. These changes in children born preterm and FGR may contribute, in part, to increased risk of cardiovascular disease later in life but by different mechanisms.
INTRODUCTION
Sleep provides a unique window into autonomic control and has been described as "a new cardiovascular frontier." 1 The autonomic nervous system controls both heart rate and blood pressure changes from wake to sleep and between sleep states. Nonrapid eye movement (NREM) sleep is dominated by the parasympathetic nervous system, whereas rapid eye movement (REM) sleep is dominated by the sympathetic nervous system. 2 Thus, sleep provides insights into changes in both sympathetic and parasympathetic arms of autonomic control. This is particularly relevant as poor autonomic control during sleep is thought to serve as a mechanism leading to hypertension. 3 Furthermore, nighttime blood pressure predicts hypertension better than daytime blood pressure. 4 Epidemiological studies have shown that low birth weight is associated with a high risk of hypertension and cardiovascular disease later in life. 5 However, low birth weight neonates include both infants born at term with fetal growth restriction (FGR) and those born preterm with or without FGR. FGR complicates about 5% of pregnancies, most commonly due to placental insufficiency. To preserve adequate oxygenation to essential organs, the growth-restricted fetus employs a range of cardiovascular adaptations to preferentially perfuse the brain and heart. 6 These hemodynamic changes manifest through increased sympathetic activation and peripheral resistance as well as decreased resistance of the coronary and cerebral arteries. 7, 8 These protective changes are thought essential for survival in utero but set up a sequence of adaptations that may impair cardiovascular health after birth.
Increased sympathetic activity is one mechanism thought to underlie later onset hypertension due to FGR. 9 Sympathetic hyperactivity in growth-restricted preterm infants has been identified within the first 3 months of life during sleep. 10, 11 However, the long-term consequences and their possible contributions to cardiovascular disease are unknown. 10 It is not only poor autonomic function, which may contribute to the risk of cardiovascular disease in adults born preterm and/or FGR. Experimental animal studies have confirmed that FGR is associated with cardiac morphological changes and dysfunction that persist into adulthood. 12 Human studies to date are few and remain conflicting. FGR children had a more globular heart, hypertension, and greater thickening of the carotid wall when compared to control participants born with an appropriate birth weight for their gestational age (AGA) 13, 14 , and similar results have been identified in infants. 15 In contrast, other studies in children have shown that cardiac structure or function are not altered by preterm FGR; however, vascular stiffness is greater. 16 
Statement of Significance
Fetal growth restriction (FGR) and preterm birth are associated with increased risk of hypertension and cardiovascular disease in adulthood. Sympathetic overactivity may play a role for this heightened risk; however, long-term studies are lacking in the preterm and FGR individuals. Sleep can provide a useful tool for the investigation of autonomic cardiovascular control. For the first time, we assessed autonomic control during sleep and cardiovascular structure and function in children aged 5-12 years. We identified that FGR altered heart structure in children. In contrast, preterm birth alone altered autonomic control. These alterations may underlie hypertension later in life and highlight the need for long-term cardiovascular monitoring in this population. SLEEP, Vol. XX, No. X, 2017 Cardiovascular Consequences of Fetal Growth-Yiallourou et al.
To date, there has been no human study which has explored both the effects of preterm and FGR on autonomic function and cardiovascular structure and function. In this study, we sought to clarify the contributions, if any, of in utero growth restriction and preterm birth to altered autonomic control and cardiovascular structure and function in children aged 5-12 years.
SUBJECTS AND METHODS
Approval was obtained from the Monash Health and Monash University human research ethics committees. Written parental consent and verbal assent from the children was obtained before the commencement of each study. No monetary incentive for participation was provided.
Children aged between 5 and 12 years were recruited. Eighteen children (10 males/8 females) born between 24 and 36 weeks of gestational age (mean ± standard error of the mean [SEM] gestation 30 ± 1, mean birth weight 1066 ± 127 g) were identified and recruited from a cohort of FGR pregnancies delivered at Monash Medical Centre. 17 As described, FGR was defined by estimated fetal weight less than 10th centile for gestation plus either absent or reversed end-diastolic flow of the umbilical artery identified on fetal Doppler ultrasound. Fifteen preterm AGA children (8 males/7 females; mean gestation 30 ± 1; mean birth weight 1496 ± 183 g) were recruited from a cohort of infants born at Monash Medical Centre and from the community between 2001 and 2010. Twenty full-term AGA children (11 males/9 females; mean gestation 40 ± 0; mean birth weight 3509 ± 85 g) were recruited from the community. All children were developing normally at the time of the study. One preterm AGA child had documented left hemiparesis with mild cerebral palsy. Exclusion of this child from statistical analysis did not change any of the results; therefore, we have chosen to leave this child in our overall group comparisons. Each participant underwent overnight polysomnography (PSG), overnight urinary catecholamine, echocardiographic (ECHO), tonometry, and blood pressure assessment.
Autonomic Control During Sleep

Polysomnography
All children underwent overnight PSG at the Melbourne Children's Sleep Centre using a commercial PSG system (Series E Sleep System, Compumedics, Melbourne, Australia) and standard pediatric recording techniques, as previously described. 18, 19 Studies were conducted between 06:00 pm and 06:00 am under constant temperature (22°C-24°C), dim lighting, and quiet conditions. Electrodes for recording electroencephalograms (EEG; C4-M1, O2-M1, F4-M1), left and right electrooculograms (EOG), submental electromyogram (EMG), and electrocardiogram (ECG) were attached. The ECG signal was digitized at a sampling rate of 512 Hz. Leg movements were measured by EMG of the left and right anterior tibialis muscle. Thoracic and abdominal breathing movements (Pro-Tech zRIP™ Effort Sensor, Pro-Tech Services Inc., Mukilteo, Washington, USA), oxygen saturation (Massimo, Radical 7, Irvine, California, USA), transcutaneous carbon (TcCO 2 , TCM4/40, Radiometer, Copenhagen, Denmark), nasal pressure, and oronasal airflow were also recorded. In addition, continuous blood pressure recordings were made using finger photoplethysmography (Finometer™, Finapres Medical Systems, Amsterdam, The Netherlands).
Assessment of Heart Rate and Blood Pressure During Sleep
Following the PSG study, sleep was scored in 30-second epochs according to standard criteria as NREM stages NI, non-rem stage 2 (N2), and non-rem stage 3 (N3) and REM sleep. 20 In addition to sleep staging, respiratory disturbance during sleep was also assessed. Respiratory event scoring was performed in accordance with international standards. 21 Briefly, respiratory events ≥2 respiratory cycles in duration were scored and the obstructive apnea hypopnea index (OAHI) (total number of obstructive apneas, mixed apneas, and obstructive hypopneas/ hour of total sleep time) was calculated. Following PSG scoring, data were transferred via European data format to data analysis software (LabChart 6, ADInstruments, Sydney, Australia) for detailed cardiovascular analysis. Using maximum/minimum threshold detection, heart rate, mean arterial pressure (MAP), systolic arterial pressure (SAP), and diastolic arterial pressure (DAP) were averaged across 30-second epochs free of movement artifact for each sleep stage across the night and averaged for each group.
Assessment of Autonomic Control During Sleep
In each sleep stage, all available 2-minute artifact-free epochs were selected from the entire overnight recording. 22 Wake after sleep onset was not included. Spectral analysis methods were applied to assess heart rate variability (HRV), blood pressure variability (BPV), and baroreflex sensitivity (BRS) using MATLAB (Mathworks; Natick, Massachusetts, USA) software.
HRV and BPV
Spectral analysis of R-R interval and SAP was performed on heart rate and blood pressure data to reflect natural autonomic variability. Power spectral analysis was performed to separate SAP and R-R interval time series into high frequency (HF) and low frequency (LF) components. For HRV, the LF oscillations are attributed to baroreflex-mediated influences and reflect both sympathetic and parasympathetic activity. 23, 24 HF oscillations are attributed to respiratory-related changes (sinus arrhythmia) and reflect an important component of the vagal system that is used as a marker of vagal efferent activity to the heart. [23] [24] [25] The LF component of BPV is thought to reflect sympathetic vasomotor modulation. 23, 24 The HF component of BPV, while influenced by mechanical effects of respiration acting directly on intrathoracic elements of the cardiovascular system, is also influenced via changes in cardiac stroke volume and R-R interval that are affected by parasympathetic activity. 23, 24 The LF/HF ratio can also be computed to assess sympathovagal balance for HRV and BPV. 23, 24 The LF range was defined between 0.04 and 0.15 Hz. 26 The HF range was based on individual respiratory rates with the HF range being defined by the 90th and 10th centiles of the respiratory rate. Data were decomposed into constituent frequency components by computing the average power spectral density functions for each segment. LF, HF, and total power for each epoch were calculated from the area under the power spectral density functions in the appropriate frequency range. These power values represent the square of the amplitude of an oscillatory signal in the frequency range. For example, a BPV in the LF range of 4 mmHg 2 can be interpreted as a 2 mmHg peak oscillation in the LF band.
Spectral power was calculated from all available 2-minute epochs free of movement artifact from each sleep stage. For all epochs, SAP was determined from blood pressure recordings and R-waves were determined from ECG recordings via peak detection. 26 Two-minute beat-beat data for SAP and R-R interval were resampled (200 Hz, cubic interpolation) to achieve a continuous equidistantly spaced time series for subsequent analysis, SAP and R-R interval were detrended, divided into four equal segments with 75% overlap, resulting in segment lengths of 68 seconds, and each windowed using a Hamming window.
BRS
The Baroreflex, the autonomic mechanism primarily responsible for the short-term control of blood pressure, is present and functional from early fetal life. 27, 28 Poor baroreflex function is implicated in hypertension. 29 Baroreflex function was assessed by measures of BRS using spectral analysis techniques. Spectral analysis procedures were adapted from methods described previously. 24, 30, 31 Transfer function and coherence analysis were estimated to determine the gain, phase shift, and coherence of the coupling between SAP (input signal) and R-R interval (output signal) changes. Gain, phase shift, and coherence were calculated between SAP and R-R interval changes. Gain (BRS) was chosen at the frequency of maximum coherence (the frequency at which there is maximal coupling between SAP and R-R changes), within 0.04-0.15 Hz. Only gain (BRS) values with a corresponding positive phase shift were included in the analysis.
HRV, BPV, and BRS indices were averaged for sleep stages N2, N3, and REM for each child. Non-rem stage 1 (N1) was excluded as limited artifact-free epochs were available in this sleep stage in each child. Mean values for each sleep stage and each group were calculated.
Urinary Catecholamines
In addition to spectral measures of autonomic control, an overnight 12-hour urine sample was also collected (6 pm to 6 am) in each participant. Indicative of generalized sympathetic activity, urinary catecholamines (dopamine, noradrenaline, and adrenaline) were measured using high-performance liquid chromatography, with adjustment for the renal concentrating effect as previously reported.
32-35
Cardiovascular Structure and Function
Echocardiography
On the same night as the PSG study, before sleep, height and weight were recorded and body mass index (BMI) z-score calculated. Doppler ultrasound studies were performed to assess heart structure and function. ECHO studies were performed by a single, experienced cardiac sonographer (CW), blinded to patient group, using a Vivid 7 ultrasound machine (GE Healthcare Australia, New South Wales, Australia). Assessment included 2D and full Doppler assessment including Tissue Doppler Imaging of left and right ventricles.
Analyses were performed offline. Linear measurements of base-to-apex length and basal diameter of left and right ventricles were determined. Left ventricular dimensions and functions were measured by M-mode and 2D measurements of end-diastolic septum and posterior wall thickness and end-diastolic and end-systolic internal dimensions. Left ventricular outflow tract (LVOT) diameter was measured just below the insertion of the aortic valve leaflets. Sphericity index was calculated as baseto-apex length/basal diameter. Relative wall thickness was calculated as (posterioseptal wall thickness)/(end diastolic cavity diameter). To assess systolic function, left ventricular fractional shortening (FS), cardiac output (CO), ejection fraction (EF), and stroke volume (SV) were calculated. To assess diastolic function peak early (E) velocities were measured and late (A) filling velocities, E/A ratio, and deceleration time of E velocity were measured from mitral and tricuspid inflow velocities. Isovolumetric left and right ventricular contraction and relaxation times and myocardial performance indices (MPIs) were also evaluated. Mitral and tricuspid annular velocities were assessed by pulse wave Tissue Doppler Imaging.
Vascular Compliance and Distensibility
Before sleep, three wake brachial blood pressure measurements were performed using an automated oscillometric device (CARESCAPE TM V100 Dinamap, GE Medical systems, Germany). Height and weight were recorded and BMI z-score calculated.
To assess vascular compliance radial arterial pressure, waveforms were noninvasively acquired with a Millar Mikro-Tip tonometer (SPT-301 Noninvasive Pulse Tonometer, Miller Instruments, Texas, USA), digitized (Powerlab, ADInstruments, Australia), and recorded onto LabChart 7 (ADInstruments, Australia) for data storage and analysis at a sampling rate of 1000 Hz. Proximal aortic compliance was calculated from the pressure volume relationship C = ΔV/ΔP, where C = compliance, P = pressure, and V = volume. 36 Distensibility, a relative measure of compliance, was calculated as D = (ΔV/V)/ΔP. Central aortic systolic blood pressure was estimated from the radial artery pulse waveform through identification of the second systolic peak (P2). 37, 38 The radial artery pulse waveform was calibrated to brachial systolic and diastolic blood pressure measurements assessed by an automated cuff before the tonometry measurement. The late systolic peak (P2) was identified from three representative waveforms and the average used to calculate central pulse pressure. Volume was obtained from SV estimated by ECHO measures. 39 
STATISTICAL ANALYSES
For each variable, normality was assessed using KolmogorovSmirnov test. Nonparametric data were log transformed to achieve normality. Pearson's correlation was performed between cardiovascular variables and gestational age, birth weight, weight, height, body surface area, and BMI z-score at the time of the study. A general linear model univariate analysis was performed to compare the fixed effect of group for ECHO, compliance, distensibility, wake blood pressure, and catecholamine measures. Correlation analysis revealed significant associations between body surface area and ECHO parameters; age and ECHO and compliance measures; weight and wake blood pressure and therefore were entered as covariates and accounted for in the univariate model. A linear mixed model analysis was used to assess the fixed effects of group and sleep stage, with sleep stage entered as a repeated measure for all sleep cardiovascular variables. Subject was entered as a random effect. Correlation analysis revealed significant associations between age and heart rate; weight and blood pressure; and autonomic indices which were entered as covariates and accounted for in the mixed model. Bonferroni post hoc comparison was performed on significant main effects. Data are presented as mean ± SEM, p < .05.
RESULTS
The demographics of the children are presented in Table 1 . There was no difference in gestational age at birth between the preterm FGR and preterm AGA groups. As expected, average birth weight was lower in the preterm FGR group than both the preterm AGA group (p < .05) and the term group (p < .05). There were no differences between the three groups for age, weight, or BMI z scores, OAHI, or wake blood pressure at the time of study (aged 5-12 years). Table 2 summarizes heart rate and blood pressure averages recorded during sleep within each group. There were no differences in either heart rate or blood pressure between the three groups, and there was no interaction between group and sleep stage. As expected, heart rate was different between sleep stages (main effect, sleep stage p < .05), although post hoc analysis could not identify where these differences lay. Similarly, blood pressure was different between sleep stages with MAP being lower in N2 compared to REM (p < .05) and SAP lower in N2 and N3 compared to REM (p < .05 for both). Table 3 shows correlation coefficients between gestational age and birth weight with heart rate and blood pressure during each sleep stage. Overall, significant correlations were only identified in the preterm AGA group. Within the preterm AGA group, there was a positive correlation between gestational age and blood pressure (N1, N2, and REM, p < .05 for all) and birth weight and blood pressure (N1, N2, and N3, p < .05 for all). There was a significant correlation between gestational age and heart rate (N1, N2, and REM sleep, p < .05 for all) and birth weight during all sleep stages (p < 0.05 for all). Figure 1 presents HRV and BPV spectral indices for each group in each sleep stage. In the preterm AGA group, HF power was higher compared to the other groups for both HRV (main effect, group p < .05) and BPV (main effect, group p < .05), with no interaction between sleep stage and group. Similarly, the LF/HF ratio was higher in preterm AGA children compared to the other groups for HRV (main effect, group p < .05) and BPV (main effect, group p < .05), with no interaction between sleep stage and group. LF BPV and total BPV were not different between groups. BRS did not differ between sleep stage or group. As expected, sleep stage had a significant effect on HRV and BPV. HRV had higher spectral indices in REM versus N2 (LF/ HF, p < .05) and N3 (LF/HF, p < .05) and N2 versus N3 (LF, p < .05). Similarly, BPV had higher spectral indices in REM versus N3 (LF, p < .05; total power, p < .05) and N2 versus N3 (LF, p < .05; LF/HF, p < .05).
Heart Rate and Blood Pressure During Sleep
Autonomic Control During Sleep
HRV, BPV, and BRS
When birth weight and gestational age were correlated with autonomic indices, associations were only identified in the preterm AGA group. LF/HF HRV was positively correlated with gestational age in N2 (r 2 = 0.43, p < .05) and REM sleep (r 2 = 0.59, p < .05). HF HRV was negatively correlated with gestational age in N2 and REM. Total HRV was negatively correlated with gestational age in N2 (r 2 = 0.41, p < .05) and REM (r 2 = 0.69, p < .05).
Urinary Catecholamines
Urinary levels of catecholamines (dopamine, noradrenaline, and adrenaline) were not different between groups, and there were no significant correlations between catecholamine levels and birth outcomes, with the exception of the term AGA group in whom adrenaline levels were positively correlated with gestational age (r 2 = 0.44, p < .05).
Cardiac Structure and Function
ECHO study variables are presented in Table 4 . Overall, the majority of variables were similar between the three groups. The only differences between groups were that preterm FGR children had a shorter left ventricular length (LVL) (p < .05) and a smaller LVOT (p < .05) compared to term AGA and a smaller ascending aorta diameter (AAo) (p < .05) compared to preterm AGA children. Presented in Figure 2 , correlation analysis revealed that LVOT (Figure 1, A and B) and FS% ( Figure 2C ) were correlated with birth outcomes within the two preterm groups but not the term AGA children. LVOT was positively correlated with gestational age (Figure 2A ) in the preterm FGR group (p < .05) and preterm AGA group (p < .05). Birth weight ( Figure 2B ) was also positively correlated with LVOT in the preterm FGR group only (p < .05). FS% was negatively correlated with birth weight ( Figure 2C ) in the preterm FGR group only (p < .05).
Vascular Compliance and Distensibility
Because of technical difficulties associated with obtaining reliable waveforms free of artifact, usable pulse wave forms were only recorded in preterm FGR (n = 11), preterm AGA (n = 7), and term AGA (n = 12) children. Overall, there was no difference in vascular compliance or distensibility between the three groups. However, for those children born preterm FGR and less than 32 weeks of gestation, compliance was strongly correlated with gestational age (r 2 = 0.93, p < .05; Figure 3A ). In contrast, there was no correlation between compliance and gestational age in the preterm AGA ( Figure 3B ) or term group ( Figure 3C) . Similarly, distensibility was positively correlated with gestational age within the preterm FGR group (r 2 = 0.61, p < .05; Figure 3D ) and the preterm AGA group (r 2 = 0.65, p < .05; Figure 3E ).
DISCUSSION
To our knowledge, this is the first attempt to differentiate the long-term consequences of preterm birth from those of FGR on autonomic control and cardiovascular structure and function in children. Low birth weight is associated with a high risk of hypertension and cardiovascular disease later in life. 5 Increased sympathetic drive, 10, 40 permanent alterations in heart structure, 13, 14 and increased vascular stiffness 41 have all been proposed as playing a role in the underlying etiology of later life cardiovascular disease. A novel aspect of this study was our inclusion of a preterm group with severe FGR allowing us to explore differential effects of preterm birth and FGR. Contrary to our expectations, we found that preterm FGR children had no differences in blood pressure and sympathetic activation but had altered heart structure. In contrast, preterm AGA children had altered autonomic control with larger fluctuations in blood pressure and heart rate related to respiratory mediated changes but no change in heart structure. These alterations in the preterm FGR and preterm AGA infants may contribute, in part, to the increased risk of cardiovascular disease later in life but by different mechanisms.
Baseline Blood Pressure and Heart Rate During Sleep
There were no differences in baseline blood pressure or heart rate recorded during sleep or wake measures between the three groups. This is contrary to our expectations, given that previous studies have shown that FGR 13, 16, 42 and preterm AGA children 43 have higher blood pressure compared to controls. Our studies, however, are aligned with the recent large longitudinal study (n = 1756), where preterm AGA and preterm FGR were separated. 44 In this study, although there were no differences identified in blood pressure between 3 and 18 years of age, higher blood pressure was identified between 34 and 49 years of age. 44 It is possible in the group of children we studied, that blood pressure differences caused by either preterm birth or FGR or the combination of both may emerge later in life, which may make this age group an ideal window to target preventive care for cardiovascular risk, if indeed this group goes on to have higher blood pressure later in life.
Autonomic Control During Sleep
In line with the baseline measures of heart rate and blood pressure, we found no evidence of increases sympathetic activation as measured by HRV, BPV, and overnight urinary catecholamines in children who were born AGA or FGR nor did we find a difference in the short-term control of blood pressure measured by BRS during sleep. We did, unexpectedly, find that HF HRV and BPV were both higher in preterm AGA children compared to the other groups (Figure 1 ). There are a number of possible explanations for this increase in HF power. Simply, an increase in HF power could suggest that the preterm AGA child has a powerful parasympathetic response to blood pressure swings related to respiration. However, this seems counterintuitive given that increased parasympathetic activation is known to be protective of cardiovascular disease. 45 Alternatively, given that HF power was elevated in both heart rate and blood pressure patterns, it is possible that the preterm AGA group has magnified blood pressure swings related to mechanical changes associated with respiration. , and REM (n = 14 preterm FGR, n = 10 preterm AGA, and n = 14 term AGA) sleep in preterm FGR (black bars), preterm AGA (gray bars), and term AGA (white bars). AGA = appropriate birth weight for gestational age; BPV = blood pressure variability; FGR = fetal growth restriction; HRV = heart rate variability; REM = rapid eye movement sleep.
There are a number of mechanisms thought to contribute to HF BPV. HF BPV represents mostly the mechanical effects of respiration on blood pressure. 46 Briefly, during inspiration, a reduction in blood pressure occurs as a consequence of reduced intrathoracic pressure. Decreased intrathoracic pressure also, subsequently, promotes increased diastolic filling during inspiration, which raises diastolic and systolic blood pressure. During expiration, intrathoracic pressure becomes less negative, thereby counteracting the earlier increase in SAP. 46, 47 The intrathoracic pressure swing that results from a given tidal volume depends on lung volume and/or lung compliance. An increase in HF oscillations may arise from reduced lung compliance in these individuals, possibly due to respiratory distress syndrome which is known to have longterm effects on respiratory flow rates, diffusion capacity, and airway reactivity in children born preterm. 48 Larger swings in blood pressure related to respiration may have a significant impact on the vasculature itself. Vessel wall stretch effects the development of the vascular tree, overstretch may effect vessel wall compliance 49 and may contribute to future risk of hypertension in the preterm AGA population. Furthermore, measures of vascular stiffness in children born preterm have correlated to lung function. 50 Interestingly, we did not observe these differences in the preterm FGR group suggesting that FGR may protect preterm children from such changes. However, how FGR protects this group would be speculation and beyond the scope of this study.
Importantly, in our study, we were able to investigate the effects of gestational age on measures of autonomic control. Of note, the preterm AGA group baseline blood pressure and heart rate were positively correlated with gestational age at birth. Also, HF HRV was negatively correlated with gestational age. Heightened parasympathetic activation with decreasing gestational age, again, was an unexpected finding. At this point, we acknowledge that HF HRV, reflecting respiratory sinus arrhythmia is not only proposed as a measure of vagal tone but also may play an active physiological role rather than a passive response to respiratory input. Studies suggest that respiratory sinus arrhythmia may be a compensatory mechanism to improve pulmonary gas exchange to improve energy efficiency.
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Cardiovascular Structure and Function FGR did not have significant consequences on autonomic control; however, we did identify structural differences. Previous studies have identified that children born growth restricted have different shaped hearts. 13 These studies identified reduced LVL, increased left ventricular internal diameter (LVID) and a lower sphericity ratio in FGR children aged 2-6 years. Altered heart shape that manifests as cardiomyopathy-like changes is plausible in the growth restricted child. The growth restricted heart pumps against high resistance and, in a hypoxic environment, ventricular hypertrophy may not occur leading to cardiomyopathy-like changes as a compensatory mechanism. As a consequence, the growth restricted heart becomes more globular with dilated changes in response to increased wall stress. This is a likely mechanism as fetal studies in a chick model of FGR show evidence of altered sarcomere development. 12 Confirming the findings of Crispi et al, we identified that LVL was shorter in preterm FGR compared to term AGA children. However, we did not find a difference in LVID or sphericity ratio. We had anticipated the structural differences observed by Crispi et al. 13 would be magnified in our study as our cohort of children were older at the time of study (5-12 years compared to 2-6 years), and structural anomalies associated with FGR are thought to worsen with time. Although our findings were similar to those reported previously, they were not to the magnitude of that observed by Crispi et al. 13 Of note, unlike this study, the study by Crispi et al. had no separate term or preterm AGA control groups available for comparison and children were studied at a younger age (2-6 years). Our findings are aligned with Arnott et al, 52 who identified that structural and functional heart changes due to growth restriction are present in adults but to a smaller magnitude to those seen in early childhood 13 and suggested that changes may attenuate over time.
In this study, we also identified that AAo diameter and LVOT was lowest in the preterm FGR compared to the other groups. Previous studies have identified that adolescents born at term with severe FGR have reduced abdominal aorta and popliteal artery diameter compared to controls. 53, 54 Reduced vessel diameter may reflect alteration in the development of the elastic wall due to flow dynamics during fetal life in the FGR child, as volume and flow through a developing vessel influence its growth. 55 Reduced diameter size may be due to increased intima media thickness of the aortic wall, as previously identified in FGR infants 41 and children born at term age. 56 We did not measure intima media thickness, but we did assess vascular compliance and distensibility. Though not different between the three groups, aortic compliance and distensibility were positively correlated with gestational age within the preterm FGR group (Figure 3) . These observations add a functional (compliance) and intrinsic material property (distensibility) overlay to those of others who have reported a positive correlation between gestational age at birth and aortic intima-media thickness (a structural property) in FGR children. 56 Importantly, an increased thickness, correlates with stiffer vessel walls and reduced compliance, and childhood is thought to serve as early pathological evidence of atherosclerosis. 57 Taken together, in preterm FGR children, altered geometry and compliance suggest the presence of fixed alterations in ventricular-vascular coupling secondary to altered vessel wall architecture. These alterations may increase an individual's vulnerability to adverse cardiovascular events later in life. For example, narrowing of the aorta and LVOT in the FGR heart presents with some features analogous to coarctation of the aorta, a congenital defect where narrowing of the aortic arch occurs and a smaller aortic arch diameter is known to predispose to systemic hypertension. 58 Furthermore, as mechanical properties of large arteries can influence cardiac load and blood pressure regulation, 59 reduced aortic diameter may increase the vulnerability to cardiac remodeling later in life.
Limitations
Our study has a number of limitations. Because of the intense nature of the studies, which included overnight PSG combined with ECHO assessment, the numbers of children we were able to study were necessarily small. However, autonomic and cardiovascular structural differences in FGR have been identified by others with similar numbers.
10, 41 We also used sleep as a tool to assess autonomic function. A potential confounder of this method is the presence of obstructive sleep apnea. Obstructive sleep apnea is associated with increased blood pressure and altered autonomic control in children. 60, 61 In this cohort of children, 3 of the 18 preterm FGR group, 2 of the 15 preterm AGA group and of the term AGA group had an OAHI above 1 event/hour (the definition of pediatric obstructive sleep apnea). However, there were no differences in the OAHI between the three groups and the mean OAHI was less than 1 event/hour within each group. Another important aspect to consider is the effects of maternal characteristics and the response to maternally administrated glucocorticoids. We acknowledge that maternal characteristics may contribute to altered cardiac structure, function, and control; however, we were unable to collect complete data on maternal characteristics during pregnancies and the study was not powered to investigate these effects. In addition, although we were able to investigate effects of birth weight and gestational age on our data, we did not have access to detailed medical records for all infants. Thus, we were unable to investigate postnatal influences, such as respiratory support which may interplay with some of our autonomic findings in the preterm AGA group. Future studies, particularly when investigating factors which may influence HF power should take such factors into account. We also have not accounted for the influence of postnatal growth or "catchup growth," which is reported to have an independent influence on blood pressure.
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Implications for FGR Children
In this study, preterm FGR children had altered heart geometry but no differences in blood pressure, vascular compliance, distensibility or autonomic activity. This is in contrast to previous human studies of FGR. It could be that permanent structural alterations due to FGR precede vascular and autonomic dysfunction leading to hypertension, and these changes have not had their full effect on the age group we studied. Alternatively, we have to acknowledge that the structural differences identified in this study were not clinically significant. It may be that these differences have no impact on blood pressure or cardiovascular disease later in life. If this is the case, we have to ask why would our findings contradict those of previous studies. Our cohort of FGR children were highly monitored pregnancies undergoing intense fetal Doppler ultrasound surveillance to guide the optimal time for delivery. It is possible that improvement of fetal surveillance of FGR pregnancies, timing of delivery, and postnatal care is leading to better cardiovascular outcomes in FGR children.
CONCLUSIONS
In severe FGR cardiovascular adaptation in utero is thought to "program" the developing fetus for long-term cardiovascular dysfunction. This study identified that FGR was not associated with altered autonomic control in childhood; however, there was evidence of fetal programming of cardiovascular structure, with some measures of heart geometry being different from term born control children and associated with gestational age and birth weight. Preterm born children who were born AGA showed evidence of altered parasympathetic activation during sleep which was related to gestational age at birth. Future studies need to confirm whether these cardiovascular changes lead to hypertension later in life. Based on these findings, perhaps new targeted population-based studies are required to assess long-term consequences of preterm birth and FGR on cardiovascular risk.
